By increasing the temperature of hydrothermal reactions from 70 to 100 ∘ C, vertically aligned ZnO nanorods were grown on the TiO 2 thin film in the photoanode of dye-sensitized solar cells (DSSCs) as the blocking layer to reduce the electron back recombinations at the TiO 2 /electrolyte interfaces. The length effects of ZnO nanorods on the photovoltaic performances of TiO 2 based DSSCs were investigated by means of scanning electron microscope, X-ray diffractometer, photoluminescence spectrophotometer, and the photocurrent-voltage measurement. Under the illumination of 100 mW/cm 2 , the power conversion efficiency of DSSC with ZnO nanorods decorated TiO 2 thin film as its photoanode can be increased nearly fourfold from 0.27% to 1.30% as the length of ZnO nanorods increases from 300 to 1600 nm. The enhanced efficiency of DSSC with ZnO nanorods decorated TiO 2 thin film as the photoanode can be attributed to the larger surface area and the lower defect density in longer ZnO nanorods, which are in favor of more dye adsorption and more efficient transport in the photoanode.
Introduction
TiO 2 based dye-sensitized solar cells (DSSCs) have been recognized as the promising candidates for next-generation solar cells due to their low production cost, low environmental impact, and relatively high power conversion efficiency [1] [2] [3] [4] [5] . A typical DSSC consists of a photoanode containing the wide bandgap semiconductor TiO 2 , a Pt counter electrode, and a liquid electrolyte containing the I − /I 3 − redox couple. Under illumination, the dye molecules adsorbed on TiO 2 are excited to their lowest unoccupied molecule orbitals with the result of released photoelectrons, and then the released photoelectrons are injected into the wide bandgap semiconductor TiO 2 [6] [7] [8] [9] . Consequently the interface between TiO 2 and the electrolyte becomes critically important in improving the power conversion efficiency of the TiO 2 based DSSCs [6] [7] [8] [9] [10] [11] . It is well recognized that a further increase in the power conversion efficiency has been limited by energy loss due to the recombination of electrons in the photoanode with the oxidized dye molecules or with the electron-accepting species in the electrolyte [10] [11] [12] [13] . In order to minimize the electron back transfer from TiO 2 to the redox electrolyte, vertically aligned ZnO nanorods are often applied to DSSCs as the blocking layer since they can form an energy barrier at the electrolyte/TiO 2 interface in addition to providing large surface area for dye adsorption and direct pathway for efficient electron transport from the electrolyte to the photoanode [3, 4, 6, 7] . In particular, Wijeratnea and Bandara recently reported that the electron transport and recombination properties of ZnO-based DSSCs depended on the aspect ratio of randomly dispersed ZnO nanorods in the photoanodes [14] . Therefore, the length of vertically aligned ZnO nanorods in the blocking layer can inevitably generate significant impacts on the photovoltaic performances of TiO 2 based DSSCs. However, the length effects of the vertically aligned ZnO nanorods on the power conversion efficiency are not explored for DSSC with ZnO nanorods decorated TiO 2 thin film as its photoanode. For brevity, the photoanode with the structure of ZnO nanorods decorated TiO 2 thin film is shortened as ZnO-TiO 2 photoanode.
In the present work, we investigated the length effects of vertically aligned ZnO nanorods in the ZnO-TiO 2 photoanode on the photovoltaic performance of the DSSC. Vertically aligned ZnO nanorods with tunable lengths ranging from 300 to 1600 nm and diameters of about 75 nm were grown on 600-nm thick TiO 2 thin films by varying the temperature of 2 Journal of Nanomaterials hydrothermal reactions from 70 to 100 ∘ C. The morphologies, crystal structures, and optical properties of vertically aligned ZnO nanorods were characterized by means of scanning electron microscope (SEM), X-ray diffractometer (XRD), and photoluminescence (PL) spectrophotometer. Our photocurrent-voltage (J-V) measurements under the light illumination of 100 mW/cm 2 demonstrated that the power conversion efficiency of the DSSC with the ZnO-TiO 2 photoanode was enhanced nearly fourfold from 0.27% to 1.30% as the length of ZnO nanorods increased from 300 to 1600 nm.
Materials and Methods

Materials.
All of the chemicals used in this study were of analytical grade and were purchased from local chemical suppliers unless mentioned otherwise [3, 6] . Fluorine-doped tin oxide conductive glass (FTO, sheet resistance of about 14 Ω cm −2 , thickness 2.2 mm) was used as the electrode substrate. Di-tetrabutylammonium cis-bis (isothiocyanato) bis (2,2 -bipyridyl-4,4 -dicarboxylato) ruthenium (II) (N719) was used as the dye in our DSSCs. The ethanol solution of chloroplatinic acid hexahydrate was used to prepare the counter electrodes.
TiO 2 Thin Films.
The TiO 2 thin film in the photoanode consisted of a compact TiO 2 layer (50 nm) and a porous TiO 2 layer (550 nm) on FTO glass substrate. The compact TiO 2 layer was formed on the FTO glass substrate after having been immersed into an aqueous solution of TiCl 4 (0.04 M) at 70 ∘ C for 30 min and subsequently sintered at 450 ∘ C for 30 min. The porous TiO 2 layer was deposited on the compact TiO 2 layer by dipping the FTO substrates into TiO 2 sol for 10 min and then calcinating at 450 ∘ C for 2 h (5 cycles). The TiO 2 sol was a mixture of tetrabutyl titanate (4 mL), diethanolamine (2 mL), deionized water (1.5 mL), acetate acid (1.2 mL), polyethylene glycol (PEG-2000, 0.045 g), and butyl alcohol (60 mL) that had been aged for 16 h. Details on preparing the TiO 2 photoanodes were described in our recent work [3, 4, 6] .
Decoration of the TiO 2 Thin Film with ZnO Nanorods.
ZnO nanorods were grown vertically onto the TiO 2 photoanode via the hydrothermal route: (i) ZnO seeding solution was prepared by dissolving zinc acetate dehydrate (6.6 g) and ethanolamine (1.8 mL) into ethanol (60 mL); (ii) one ZnO seed layer was formed on the TiO 2 thin film by dipping the photoanode into the ZnO seeding solution for about 1 min and then drying at 300 ∘ C for 10 min (3 cycles); (iii) the ZnO coated TiO 2 thin film was loaded into a Teflon-lined stainless steel autoclave for reaction at a specific temperature for 5 h. The solution in the autoclave was the aqueous solution of zinc nitrate (0.05 M) and hexamethylenetetramine (0.05 M). Four kinds of ZnO nanorods with different lengths were obtained by setting the temperatures in the autoclave at 70, 80, 90, and 100 ∘ C, respectively.
DSSC Assembling.
The ZnO-TiO 2 photoanodes were dye-sensitized by immersing them into the ethanol solution of the N719 dye (0.4 mM) for 20 min. Each dye-sensitized photoanode was assembled with a Pt counter electrode into a sandwiched structure with a 25-m thick sealing spacer between them. The Pt counter electrode was prepared by immersing one piece of cleaned FTO substrate in an ethanol solution of H 2 PtCl 6 (4 mM) and then annealing it at 450 ∘ C for 2 h. The free space in the sandwiched structure was filled with a redox liquid electrolyte. The electrolyte was the acetonitrile solution of KI (0.5 M) and I 2 (0.05 M).
Characterizations.
A SEM (Hitachi S-4800, Japan) was employed to characterize the morphologies of the ZnO-TiO 2 photoanodes. The crystal structures of the ZnO nanorods were analyzed by XRD (D/max 2500 PC, Rigaku, Japan) with a copper target radiation. The PL spectra of samples were recorded with a spectrophotometer. The 325 nm laser line from a helium-cadmium laser was employed as excitation source for the PL measurement. The output power of ultraviolet laser was about 12 mW. For the J-V measurement of the DSSCs, an AM 1.5 solar simulator with a 500 W xenon lamp was employed to illuminate the DSSC; the incident light power on the solar cells was calibrated to 100 mW/cm 2 . The active area of each solar cell was 0.25 cm 2 . Other parameters on the instrumentation were available elsewhere [3, 4, 6, [15] [16] [17] . The nanostructures of the ZnO-TiO 2 photoanode were characterized with a transmission electron microscope (TEM) (JEOL JEM-2100, Japan Electronics Corp) which was operated at 200 kV. ∘ C, respectively. Moreover, the thickness of the TiO 2 layer, which is around 600 nm, can be estimated from the SEM micrographs in Figure 1 . Further TEM and selected area electron diffraction analyses reveal that these ZnO nanorods are single crystalline [16, 17] . Consequently, the data in Figure 1 have demonstrated that vertically aligned ZnO nanorods with lengths varying from 300 to 1600 nm are onto the TiO 2 thin films as the hydrothermal growth temperature increases from 70 to 100 ∘ C. The larger surface area provided by longer ZnO nanorods is helpful for more dye adsorption. [3, 4, 6, 17] . It is noted that the (002) peak at 2 = 34.2 ∘ becomes much more dominant in intensity as the growth temperature gets higher, indicating the enhanced directional order of the ZnO nanorods formed at higher temperature. According to the diffraction equations, the lattice constants and can be calculated for the ZnO nanorods grown at different temperatures. Our calculated lattice constants, which are very close to those of wurtzite ZnO, are summarized in Table 1 . Additionally, it is well established that the degree of orientation of ZnO nanocrystals can be evaluated by the texture coefficients (TCs), which is defined by the following equation [22] : where is the number of diffraction peaks, (ℎ ) is the experimentally measured intensity of the diffraction peak (ℎ ), and (ℎ ) is the recorded intensity of the (ℎ ) diffraction peak according to the JCPDS 036-1451 card. According to (1), the TCs for the (002) orientations were calculated to be 3.30, 3.453, 3.585, and 4.20 for the ZnO nanorods grown at 70, 80, 90, and 100 ∘ C, respectively. The higher TC (002) value shows that the ZnO nanorods are more perfectly aligned with their -axis perpendicular to the substrate. Therefore, the data in Figure 2 has given further evidence on the formation of hexagonal ZnO nanorods and their perpendicular alignment on the substrates. Figure 3 illustrates the room temperature PL spectra of the ZnO-TiO 2 photoanodes grown at (a) 70
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∘ C, and (d) 100 ∘ C, respectively. It is obvious that each PL spectrum in Figure 3 consists of an ultraviolet PL band with its peak at about 378 nm and a green PL band with its peak at about 540 nm. The ultraviolet PL band is generally attributed to the band-edge recombination of excitons whereas the green PL band is produced by defects in ZnO [15] [16] [17] [22] [23] [24] [25] . Therefore, the higher fraction of the green PL intensity in the PL spectrum suggests the presence of higher defect density in ZnO nanorods. On the basis of the PL data in Figure 3 , the fractions of the green PL intensity in the PL spectra are derived to be 0.9768, 0.9061, 0.8958, and 0.8479 for the PL curves (a)-(d), respectively. So, lower defect density is present in ZnO nanorods when growth temperature gets higher. Combined to the results in Figure 2 , it is obvious that the lower defect density in longer ZnO nanorods is good for more efficient electron transport in the nanorods. Table 1 . It can be seen in both Figure 4 and Table 1 that the length of vertically aligned ZnO nanorods generates a significant effect on the photovoltaic performance of the DSSCs. As the length of the ZnO nanorods increases from 300 to 1600 nm, the SC of the DSSCs increases from 0.92 to 4.23 mA/cm 2 , in the meanwhile the OC of the DSSCs decreases slightly from 0.61 to 0.55 V, yielding the overall efficiency of the DSSCs of 0.27, 0.56, 0.84, and 1.30%, respectively. In contrast, those parameters for the DSSC without ZnO decoration are 0.37 mA/cm 2 , 0.66 V, and 0.15%, respectively. The improved photovoltaic performance of DSSCs can be attributed to the following facts: (i) an energy barrier is formed at the TiO 2 /electrolyte interface to reduce the electron back recombination [3, 4, [6] [7] [8] [9] [10] ; (ii) the longer ZnO nanorods provide larger surface area for more dye adsorption; and (iii) the lower defect density in longer ZnO nanorods favors more efficient electron transport in the nanorods. More specifically, the enhancement in SC can be attributed to the larger surface area and the lower defect density in longer ZnO nanorods whilst the slight decrease in OC can be caused by the larger serial resistance in the longer ZnO nanorods. Therefore, the data in Figure 4 have demonstrated that growing longer ZnO nanorods on TiO 2 thin films can effectively enhance the efficiency of the DSSCs. The presented data in Figure 4 were reproduced in four batches of solar cells; each batch consisted of one DSSC without the decoration of ZnO nanorods and four DSSCs with the ZnO-TiO 2 photoanodes. The statistical derivations of the efficiency were found to be within ±7% for the samples.
The solar power conversion efficiencies of DSSCs with conventional TiO 2 photoanodes were routinely reported to be more than 5% even without any scattering layer or blocking layer [1, 2, 5] . It is well established that the solar power conversion efficiency of conventional TiO 2 based DSSCs heavily depends on the thickness of the TiO 2 photoanode [26, 27] , and that very thick TiO 2 photoanodes (10-20 m) are routinely employed to achieve high efficiency up to 12%. For example, Wu et al. reported the efficiency of 8.19% when the TiO 2 film was 20 m thick [26] . As shown in Figure 1 , the thickness of our sol-gel derived TiO 2 layer is only about 0.6 m. That is the reason why our TiO 2 based DSSC has a very low efficiency of 0.15%. Since it is hard to make thick TiO 2 films via the sol-gel process, we employed the doctor blade technique to prepare 15 m thick TiO 2 photoanodes for the DSSCs. Our measured efficiency of the thick TiO 2 based DSSCs without the decoration of ZnO nanorods was 4.3% whilst the efficiency of the thick TiO 2 based DSSCs with the decoration of vertically aligned ZnO nanorods (1 m thick) reached up to 9.8%. Compared to the thick TiO 2 films made with the doctor blade technique, the thin TiO 2 films grown via the sol-gel process exhibit the advantages of uniform thickness of the film, no cracks in the films, and very good reproducibility in the solar power conversion efficiency for the TiO 2 based DSSCs. In order to derive a reliable relationship between the efficiency of the DSSCs and the length of ZnO nanorods, we have chosen sol-gel derived thin TiO 2 films as the first layer in the photoanodes of our DSSCs. Surely there are several other major areas for improvement before we can have a comprehensive understanding on ZnO nanorods decorated DSSCs.
Both the morphology and the size of the nanostructured crystallites are important factors to influence the solar power conversion efficiency of DSSC with the ZnO-TiO 2 photoanode. We derived the ZnO nanorods and the TiO 2 nanoparticles from the photoanode by scratching the photoanode with a blade plus ultrasonicating in water for 30 min. Figure 5 (a) displays the high-resolution TEM micrograph of a piece of TiO 2 thin film derived from the ZnO-TiO 2 photoanode. It can be seen clearly in Figure 5 (a) that the piece of TiO 2 thin film consists of numerous TiO 2 nanoparticles whose sizes are in the range of 3-10 nm. The inset in Figure 5 (a) represents the crystal lattice of one TiO 2 nanoparticle. As shown by the inset, the lattice spacing of (101) The quality of the interface between ZnO nanorods and the TiO 2 nanoparticles is another critical parameter to influence the solar power conversion efficiency of DSSC with the ZnO-TiO 2 photoanode. Hence it would be better to display the cross-sectional view of TEM image of the interface between ZnO and TiO 2 . However, it is rather difficult to prepare high quality samples for high-resolution TEM characterization since ultrasonication introduced shock wave breaks TiO 2 nanoparticles away from ZnO nanorods. As a compensation, we characterized the ZnO-TiO 2 interface with SEM. Figure 6 shows the cross-sectional SEM micrographs of the ZnO-TiO 2 interface in the photoanode: (a) the ZnOTiO 2 interface whose ZnO nanorods were grown at 70 ∘ C; (b) an enlarged section of the ZnO-TiO 2 interface whose ZnO nanorods were grown at 70 ∘ C; and (c) free-standing ZnOTiO 2 interface whose ZnO nanorods were grown at 80 ∘ C. It is clear that ZnO nanorods are grown vertically on the top surface of the TiO 2 thin film, no matter the TiO 2 thin film is smooth or rough.
As stated in the Introduction, the length effects of vertically aligned ZnO nanorods on the power conversion efficiency of DSSC with the ZnO-TiO 2 photoanode were not reported in the literature. Although Wijeratne and Bandara studied the aspect ratio effect of ZnO nanorods on the electron transport and recombination properties of ZnO-based DSSCs, their photoanodes were composed of ZnO nanorods only [14] . Table 2 lists the photovoltaic performance parameters of the DSSCs with different photoanode structures. It is obvious in Table 2 that the photoanode with the structure of ZnO nanorods decorated TiO 2 thin film is more efficient than those with the structures of TiO 2 -ZnO core-shell nanograss [18] , TiO 2 -decorated ZnO nanorod [19] , and composite ZnO/TiO 2 (90/10) [20] , although less efficient than the 
Conclusion
By increasing the temperature of hydrothermal reactions from 70 to 100 ∘ C, we have grown vertically aligned ZnO nanorods onto the TiO 2 photoanodes as the blocking layer in DSSCs to reduce the electron back transfer at the TiO 2 /electrolyte interfaces. The length of ZnO nanorods is tunable from 300 to 1600 nm as the hydrothermal reaction temperature increases from 70 to 100 ∘ C. The length effects of the ZnO nanorods on the photovoltaic performances of DSSC with the ZnO-TiO 2 photoanode have been investigated. The J-V measurement under the light illumination of 100 mW/cm 2 has demonstrated that the power conversion efficiency of DSSC with the ZnO-TiO 2 photoanode can be increased from 0.27% to 1.30% as the length of ZnO nanorods increases from 300 to 1600 nm. The nearly fourfold enhancement in the efficiency of the ZnO nanorods decorated DSSCs can be attributed to the larger surface area and the lower defect density in longer ZnO nanorods. Our results suggest that a high surface area of the nanostructured ZnO blocking layer is essential to realize highly efficient DSSC because it allows adsorption of sufficiently large number of dye molecules for efficient light harvesting. As a result, the efficiency of TiO 2 based DSSC can be effectively enhanced by growing long ZnO nanorods on the TiO 2 photoanode.
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